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CQRSinESATIGIIf OF 

AUXILIAEY JET. PBOFULSIQir FOB ASSISTIN'G XAIOB-QFF 
By L. Blohard. Tuxxier 



satmsi 



The problem of aBBlBtlng the take-off of an airplane "by means 
Of auzillaiT' Jet propulsion has lieen' analyEed and a simple method 
developed for determining the Jet thrust and the velght of Jet fuel 
req,ulred to provide a desired reduction In take-off distance or a 
desired Increase In pay load or fuel load for a fixed taJce-off dis- 
tance. The weight of a Jet motor end the auxiliary equljoaent ocm- 
not, at present^ ha accurately predicted. Approximate estlmateB 
indicate, however, that the total weight will he sufficiently small, 
as compared with the weight of eui internal- combust ion engine and 
propeller required for tlie same improvement In take-off, that serious 
consideration should he given to this method of assisting the take- 
off. 

HITEiODOGTION 



Tho prohlem of asfllstlng the tako-off of on airplane Is old. 
As early as 1842, Honson attempted to us? a catapult to launch a 
glider. This type of device has been highly developed for the 
launching of military airplanes, mail planes, and gliders (refer- 
ences 1 and 2) . 

The accelerator, or towing- type, take-off aid was used by the 
Vrl^t brothers in their early flights. It has been used extensively 
to launch gliders and has been developed for airplanes by the Boyal 
Air Force at f^amborough by the use of a campressed-air-drlven 
motor and a towing cable. (See references 1 and 2.) Land-basod 
accelerators running on rails or rimways havo been suggested 
(references 2 and 3) but apparently havo not been built. In 
another proposed system, the force required for an acooleratod 
tako-off is supplied by a flywheol, which is sot In motion by 
a small engine and which pulls a cable over a conical drum of 
incroasing radius. (See reforence S. ) Froll (reforonco 4) has 
suggested towing one alJ:plane with another, but this systam has 
not been used except for towing targot glidors. 
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Fueling In the air has "beaa. Buccesafully developed and used 

for refueling during enduraace tests and as a take-off aid. It 
la of especial value for long-range flights "becjause it eoaijloa 
an airplane to take off with a lover vlng loading and a lower 
power loading than those that apply In flight. Sough weather, 
]u>wever. Interferes with its operation. (See inferences 1 and 2.) 

The British flita of Short Bros, has hullt and successfully 
operated the Short-Mayo composite aircraft. The main advantage 
of this scheme is tl'^t It onahlos the airplane to take off with 
hl^ wing and power loading and to climb quickly to the cruising 
altl-Lode. (Sec references 1 and 2.) 

Pi'irll has suggest ed (i*eferenoe 3) that the energy of the 
engine he accim\ilated dviring the vaim-up period as rotational 
energy in a heavy flyrAeel and that it be released to tlie propel- 
ler throu^ a varln'ole gear during tlie take-off. Tlie weight of 
the device would he ohJectl3nal?le. 

The use of a Jot of water, pro ejected to the rear hy a gas 
punp, lias also been su^jgected by PrSll as a take-off aid (refei-- 
enoe 3). The weight of water roq.ulreu would bo excessive hecauae 
of the low Jet velocity proposed. 

Ley (reference 5) reports that auxiliary Jet propulsion has 
heen experimentally uaod hy the Junkers plant at Dessau as a 
take-off aid for a seaplane of the Bronen ti^pe, woigliing slightly 
nore than two tons. The rockets used were "tho largest typo of 
powder rockets known." The results woro officially descrihed as 
"satisfactory and oncoiu-acdng" although no data were puhlished. 

Rockets have heen usod on several occasions to launch and 
fly mcJol airplanes and at least tiro partly successf'il rocket- 
powered flights I'lave hoon mado with piloted gliders. Tbo glidora 
^rarc launched with catapvlts. (Sue roforenco 6.) 

Jet propulsion has "boon inrostlgatod hy sovoral groups in 
ISurope and Aaorlca. Tho oxpcrlnonta "mrro been partly succossful 
hv.t many pjactlcal prohloms remain to he solved. 

There aro bwo main typos of Jot motors. The first typo uses 
atmosphoric air. Anal^'soo by Buckingham (roforenco 7) and 
OustrLch (voforonco 8) glvo fuel COTisianptions tliat are novor 
loss than twice i-Jiat of an internal- coLibust ion engine and propolLor 
pi-oduclng tho same thrust at airplane spsods as high as 3E0 milos 
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per hour. In aadltlati, ths velgbt of the required. oampreBBors 
vo'^ld 136 at least as great as tliat of tlie Inbeznal-oanLbuatlon 
engine even at thlB Meh speed. 

The second type of Jet motor uses an ezploslTe fuel or a 
concentrated ozldant, vhldi Is caxxled by tlie alrpleme. Por this 
tyge, It Is conTenlent to ocmsider the consumption of hoth fuel 
and oxidant as fuel consuncptlon. As cockered vlth that of an 
Internal- coinbust Ion engine and propeller, the fuel- cansuniptlon 
Is very high hut the velght of the motor would he very much lower 
per pound of thrust. 

Atterapts have been made to avgment the thrust of Jet motors 
by entraining atmospheric air In order to Increase the rearward 
dlschcu'ge of monientvm. (See references S aiid 10. ) The values 
of thii-st Increase achieved are Ineuff iclent to make Jet propul- 
sion practicable for sustained flight "bxit might be of value for 
some special use of Jet propulsion In which economy Is not the 
principal consideration. 

This report presents a study of the possibilities of Jet 

propulsion as a take-off aid for rod"'.clng take-off distance 
vl.th a given pay load or for incx^aslng pay load with a given 
take-off distance. 



AirAIA-SIS 



The tako-off distance ^ri-U be considered as a ground rvn 
and a flight dlstcuice to cleeir eui obstacle of height h. In 
this analysis. It will bo assumed that, in still air, the luialded 
ground run and the flight distance to clear an obstacle are known 
for the normal loading and that the take-off velocity, T^, and 
the mean velocity In flight, Va, from the take-off to the point 
where the required altitude is reached are also known. The mean 
offoctlvo excess thrust, defined In each case by the known dis- 
tances and velocities, will be assumed to be constant. It can 
be shown that the error due to the aseumption of constant excess 
thrust in the reduced ground xnaos with constant added thrust is 
omall and oonservativo, in that the predicted reductions In the 
ground run axe smaller than thoso' baaod on the actual variable 
value of excess thrust. For the flight portion of the take-off, 
the transition phase will be neglected because this neglect was. 
shown by '-Jetmore (reference 11) to introduce only a smal 1 error 
in the calculated diatanoo. The Inollnatlon of the fll^t path 
tn.ll also be neglected. 
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Reductlop of the ground, run by meeuafl of auzlllary Jet 
prcpulsloii . - With a coiDstant effective ezceas thrust, the 
ground run Is given "bj 



vhere Is the unaided srovz)& run, feet. 

W groBB weight, pounds. 

take-off velocity, feet per second. 

mean effective excess thrust, pounds. 

With a constant added Jet thrust, Tj, the new reduced ground 
run, Sp ' , Is given by 

8o"= (V^'O/ [26 (To + ^Pj)3 (2) 
frcm which ^^o^^o " ^^o ^J^ 1 



or Tj/Tq - LbJ (Bq - ASq) 



i 



(3) 



where is the reduction of the ground run. 

If V is the relative velocity In feet per second, of the Jet 
of an auzlllary Jet-propulsion device, the thrust is 

trhero v is the weight of fluid dlscbargecl, pounds, 
t time, secocds. 

r reaction in pounds per pound of fuel per second. 



Slauoe both fuel and oxidant are carried h/ the airplane. It la 
convenient to oonalder the toteO. velght of fluid eia the vBlght 

of-fuel.- ... 

The tine for the reduced ground run la given tj 

EM (5) 




2g(To + Tj) 

vhere the value of the coefficient K for the case of oonstacit 
ezoees thrust Is 2. Since the excess thrust Is not constant, 
the value of E Is sansHhat different fraa. 2. HoziaBan (refer- 
ence 12) gives an empirical value of 1.95, idil6h will be used In 
the oompubatlonB in this paper. 

The rate of dledbarge of the Jet was assumed to be constant, 
and the weight of fuel is therefore given frcni equations (3), (4), 
and (5) b7 



.t„. a2-5M£Sa (6) 

" dt 2gr So 



*o " -o 



and 



dw Tq ASq Tt W ASq 



dt r Sg - ASq 2grSo Sq - As^ 



(7) 



The WBl^t of fuel, w^, required to reduce the ground run 
(equation (6)) is plotted using the eiperlmental reactions for 
four different fuels (table I, fuels 1 to 4) in percentages of 
the gross weight of the airplane in figure l(a} for a take-off 
velocity of 70 miles per hoiir and In figure 1(b) for a take-off 
velocity of 80 miles per hour. The total welgcht of fuel and the 
rate of fuel consumption are clIso shown for the 4,20C-pound alr« 
plane. The unaided ground run of the assumed airplane was taken 
to be 500 feet in the calculation of the r«tte of fuel oonaunption. ' 

In the oaae of take-off against a wind. It is merely necessary 
to substitute - for 7^ and s^ for s^ in equations (6) 

and (7) to detezialne the perfoznance, 

where is the wind velocity, feet per second. 



By unaided take-off distance against a wind. 
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IUlb -value of wy "be coifiyenlttntly found fraa. figure 11 of 
reference 13. 

There vlll now "be analyzed the condition In idilch the Jet Is 
tuzned on vhen the airplane attains a velocity mV^ tdiere m is 
an arl;ltrary parameter hetveen 0 and 1. If a constant azcess 
thrust of up to this point and a thrust of + Tj frGm 
there on are assumed, 

■where % is the distance traveled by the time the velocity mYj. 
is attained; from this point on, the distance is given hy 

where is the reduced run to the point where V would eq,ual 

mVo. had tlie Jet heen in operation from the start of the taioe-off . 
The total distance, s*, Is then 

^ vA/V l-n^\ 

S' = Bm + (Oo' - Sj-') = + ) 

^ ' ° ^ ' 2g VTo To + Tj/ 

and the fractional reduction in the ground run, &Bq/Bq Is given 
hy 

|f2.1.f .(l.n»)^ (10) 
The tizie during idilch the fuel was humed is 

K7tW(l - n) 
" 2g(To + TjJ 

T 

Ab In the case of equation (G), Wq = t^' ^ = t^' 



(11) 



Wo 



K7t¥(l - m) Tj 



2gr Tq + T J 



(12) 
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Q7j from aquations (10) and. (12) , 



»o - , ° V (13) 



2ec Bq{1 + m) 
Solving eg,iiatlaii (10) for m gives 

The subBtltutioQ of tMB solutioii for m In equation (12) or (13) 
gives Vq in tezns of Tj/T^ and As^s^. 

Figure 2(a) shovs the vsight of geisoliae and oxygen required 
to obtain a desired reduotion In the ground run for various values 
of m and ^j/^^ a,t an assumed taJce-off veloolty of 70 miles per 
hour. In figure Z{\>), the ifelght of fuel is plotted for a take-off 
velocity of 80 miles per hour. 

Reduotion of the length of the air^'bome portion of the taJce- 
off "by means of avilllary Jet propulsion . - The reduotion in the 
flight distance to clear em obstacle of height h d'.iring the take- 
off vlll nov be considered. It vlll be assumed that the airplane 
velocity during this phase is praotloally constant and tliat It has 
an average value of Tg. The transition pbase vlll be neglected 
because Its neglect has been shovn by l.'etmore (reference 11) to 
have only a small effect on the calculated distance for normal 
take-offs. The zu>nDal velocity of climb, Y^, Is given by 

vtasra is the nonnal ezoess thrust. Vlth an added thrust Tj 

Vo + AVq = (Ta + Tj) Tfe/W ] 

C ^"^^ 

\rtience AVq ■ T j Vg/w 

The length of the unaided, flight path, Sg, to clear an 
obstaole of height h is 

Ba - A V, . (16) 
*o *a 
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and -Hith. on added iihxvmt, Tj, the reduced dletaaoe, s^'. Is 
given "by 



Ba- -liV(V- + AVj (17) 



from, vblch 



B3 + 



(16) 



T. 



Since ^ f-S i^qyiBLtlLOiL (4)), f^ram eqiiatlon (18) 

dv % - S3' hV hW AB3 

dt Ba Bar Bar Sa ^^^^ 

The time J t^'^ for the aided climb Is given hy 

ta • «= % • Aa 

From equation (19) j the vei^t of fuel for the elded climb Is 

dv hV ABa 

Va = t_« -— = (20) 

= 2 dt Yar Ba 

Fifjure 3 shows t^/V?" plotted against Asa/sa for four eiperlaental 
Jet fuels for mean talce-off velocities of 70 and 30 miles per hour 
for a height h of 50 feet. The velght of fuel Is also shonn for 
tvo airplanes having sross weights of 4,200 and 42,000 pounds. 

Reduction In total- ta]ce-off dlstcuice hy meana of auxiliary 
Jet propulsion . - The calculation of the reduction in total take- 
off distance vlll be mode for the condition in idiich it is con- 
sldei^ed that the Jet-propulsion device is turned on to provide 
an additional thrust, Tj, irhen the airplane attains a ground 

velocity' of mT^ and continues to provide the sane addltlognal 
thrust throughout the rest of the take-off. 
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Tram egpatloms (1), (lO), and (18), 



ABq - (1 - m^) 



To + T J "o 
1 



la 



— + T- 

B- J 



1 +— a 



(21) 



from idilcli 



Bq + Sa 1+ Ba 



.-1-m' 



Tj 



1 + 



Ba 



Vb^j 

FrGOi equatlonB (12 }j (20), and (21), 

„/ EV+j 1 - a h 
V B T-n — z. + 



(22) 



(23) 



2sr ^ ^ To ^'^B 1 ^. £^ fo ^ 



Bg Tj 



The velght of Jet fuel for -rarloue reductione In the total 
ta!£e-off distance to clear a 50-foot obstacle 1b shown in flg- 
lU'o 4:(a) in percentaiges of the eroBS velf^t of the airplane and 
In pounds for an airplane velghlng 42,000 pounds. The taJce-off 
velocity iB 30 miles per hour. The ratio Bq/b^ a 2,6 corre- 
spondo closely to the ^«iTlTmTni perfomanoc of one prosent-doy 
airplane. In figure 4(1)), the velght of fuel Is shown for a 
tako-off velocity of 80 nilos per hour and with Bq/ss » 2.0. 
Figure 4(c) shows the weight of fuel for a take-off velocity 
of 70 miles per hour and \.-lth Bq/b^ = 2.0. 



't* 



In the calculations, It -was asBumed that the take-off velocity, 
vas equal to the neon flight velocity, Tg. 



Increase In take-off load "by means of auxiliary jet propulsion . 
Equatlans vUl now bo derlvod for determinlr.g the Increase in take^ 
off load for a Given total take-off distance obtainable by neaas of 
auiillary Jet propulsion. It will be assumed that the take-off 
occurs at the same lift coefficient as in the CEise of the nozxaEilly 
loaded airplane. 
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since tlw take-off velocity varleB vltli the gross velg^, tlie 
msan propeller thrust azid the resistance must he detezndnsd under 
the new condition a. For th e gro und run. It Is assutaed that the 
mean values are those at VoTs as nas assumed by Bjortman 
(reference 12) , The TnlnlTnum resistance, S^, at this velocity 

vlth noxmal loading Is given hy (reference 12) 

R„ = fzW+ivt«(f f-f Ji-h^'^ (24) 

where [i Is tlie coefficient of rolllisg friction, 

p mass density of the air. 

f parasite area, square feet, 

hg effective spaa, feet. 

If 6 « (W + A¥)/vr then, for the seme lift coefficient at 
the take-off, the effective resistance vlth Increased load duz^ng 
the ground run, ^ Is given hy 



The Increased resistance, ABq Is given hy 

^o = V* - 1) (25) 
The mean resistance In flight, Bg, Is given hy 



R = £5- f + g^* (26) 
' 2 JtpVa%' 

and, vlth added velght at the same lift coefficient, the resistance. 
Egg, Is given hy 

2 itpVa^eb." 



s 6B3 
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and the Increase In realstanoe, AR^ "by 
AHg - Ba (S - 1) 



(27) 



In order to detennlne the oihazige In effectlTe propeller 
thrust for the new take-off veloolty, a bsowledgs of the piropeller 
chai«cterlstjLOB Is necesoary. As the Increase In taJse-off distance 
vlth Increased load Is due primarily to the Increase In V9lght and 
In the talce-ofT Telocity, It Is unnscessaxy to detexmlne the bhange 
In propeller thrust vlth mucL accuracy. The error Introduced hy 
cosnpletely dlsresarding the c±aDge In propeller thznist In the ez- 
ciinple to be ^ven is coaly ahout 3 percent of the talce-off distance 
vlth a 20-percenb overload. 

Frcm equations (1) and (25), the Increased ground run s^g 
is given hy 



«o8 



2G C To + ^"o - ^o^* - 



(28) 



'06 



8o 8' 



T„ + AT„ - H„(6 - 1) 



where AT^ is the change In propeller thrust at 0.5 as the 
vel(3ht Is Increased. 

The InCjToased fllsht distance, s^g to cliear an ohstacle is, 
ffcxa equations (IC) and (27), 



^« "O^ +ATa - Ha (6- 1) 



or 



B - - B a 

ao a 



5^8 + ATa - Ba (8 - 1) 



(29) 



vhere ATj, Is the change In propeller thmist at Tg* 

With a constant added Jet thrust, Tj, applied idisn the air- 
plane roaches a Telocity of mV^ 6^ ' ° the reduoed ground run s^ ^ ' 
is, frcDi the oquations (10) and (28), 
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°o8 "''o T +AT -E (6-1) 



Frcm equations (16), (16), and (29), the reduced flight dis- 
tance, Bafi', to deaz* an o'bBtacle of height h vlth constant 
added Jet thzrist Is given "by 



C*fc« = Sa« ~ ; (31) 

Ta + A-Ca - Eg (6 - 1) + Tj 

The values of m ai^d Tj are then found ffcm equations (30) and 
(31) so tlMlt 

^ofi' + ^5* =^0 + ^3 

Frcci equation (12), the velght of fuel, v^, used durlos the 
ground run. Is given "by 

- (32) 

2gr [To + - Ho (8 - 1) + Tj] 

and, frcDi equations (15), (16), and (20), the velght of fuel, 
used during the flight to clear an obstacle Is given "by 

Wa = «-r r (35) 

" rV^ Tg + ATa - Eg (6 - 1) + Tj ^ ' 

As an example, the eel ciiLat Ions vere carried out for the same 
airplane that vas used for tlie construction of figure 4; the addi- 
tional assumptions were made that 

|I a 0.05 

B 10,350 square feet. 

f B 42 squ'ire feet (for take-off). 

Maiimua. velocity e,t the take-off power rating = 
2n8 miles per I'our. 

?1ai3jauni propeller erfic^enc^ = 84 percent. 

Take-off power rating « 4,400 brake horsepower. 
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Bq b 1^040 feet. 
Bg B 400 feet. 

The ohaseeB In propeller thrust, AT^ and ATg, vere oaloulabed 
frcoL the data of figure 7 of referenoe 12, lAlch gives the thrust 
harsepower In terns of velocity and thrust horsepover at nazjauni 
velocity. 

Figure 5 Bhovs the increase In complete take-off distance ytbsa 
additional gross weight Is eidded. The values of m and Tj necsB- 
sary to reduce this distance to the original take-off distance at 
nonnal load are given In figure 6; figure 7 shovs the velgbt of gaso- 
line and oxygen that must he used in a Jet to provide the required 
thrust. In figure 8, the ratio v/AW Is plotted against m. The 
curve shovn 1b an average for four values of 6. 

Camparlson of auxiliary Jet propulslan with an intemal- 
ocanibUBtlon engine and a propeller as a take-off ed.d . - In order 
to decldo -whether an^' advantage Is to he gained hy the use of 
auxlllaxy Jst propulsion, It Is necessary to detexmlne the velght 
of an Internal- cambustlcn engine and a propellfir that vlll produce 
the Bama result. 

For the simplification of the calculations, it vlll ho asBumed 
that the propeller diameter Is proportional to the take-off power 
and tliat the propeller Is operated at the original V/nD where V 
is the forvard velocity; n, the propeller revolution speodj and 
S, the propeller diameter. Theso condltlans make the not thrust 
proportional to the power. It will also ho assumed that the dry- 
engine vulght Is 1.25 pounds per take- off horsepower and tliat the 
weight of the propeller and accossorios is 0.35 pound per take-off 
horsepower , 

The additional weight of the Internal- cotobust Ion engine that 
will provide a given Incroaso In thrust, ^j/^q "bhen 

® *'To+R To1+ B/Tq 

i^ere Vg is tho weight of the engine and propollor. Substituting 
from eg,uatlon (1) for 

AW« T 



e 



We ^o , SgSoR 



1 + 
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and, BiibBtltiiblsg 1.6P for 

AWg Tj 1.6 

"TT-T^TT— (34) 

where P Is the engine hralce horeepowe r. The reelstanoe, It Is 
the mlnlmusL resletance detexmlned at V~0>5 Y^. For approKlaate 
computatlona. It Is conTenlent to aBSume that 

B e iiW 

vhl6h gives 

AWg Tj 1.6 



W To W /. \ 



The reduction In ground z*un for oa Increase in thrust of Tj Is 
the sane as that obtained vlth a Jet for m = 0 (equation (10) )/ 
The ratio 

/ o 

is plotted In figure 9 for tcJce-off velocities of 70 and 80 miles 
per hour and for ground runs of 500, 1,000, 2,000, and 3,000 feet 
for \i = 0.05. In the event that R Is greatly different from 

pW the value of r- nay be found from equation (34) . 

In the case for fdiloh the Jet vas used, the reduction of the 
take-off distance -was calculated on the assuniptlaa that the Jet 
thrust, Tj, vas constant throu^iout both the ground run and the 
alr-borae portion of the talce-off . Khen an engine and a propeller 
are used, however, the mean additional thrust Is lover during the 
alr^'pome portion of the talce-off than during the ground run. It 
Is therefore necessary, In order to obtain the sane reduction In 
tho OQOiplete talce-off dlstemce, to provide an engine that will give 
a thrust, T, at a velocity ^0.5 V^, i^lch Is sooundiat greater 
than tho Jet thrust, Tj. 
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T Tt 
To To 

If the ratio of the propeller thniatat the velocity Vg to the 
propeller tlirust at the velocity ^0,5 Yj. Is Ej^ the same re- 
ductloa In ccmplete talce-off dlstanoe la achieved vhen, from 
equation (22), 

Tj/Tq _^ Tj/Tq ^ A + Tj/Tq ^ A + Tj/Tq Bg (36) 

1 Tj Tj 2ehaoao" Tj ^ . T j 2eihBo 



'o 



Ea^ncLlng the rlg^t-hand side In a power' series, neglecting all 
teziDs ahove the first order In A and solving for ^ — gives 



2sh 1-Ki Tq EiVt"sa 



V^o Tj^ 2ghBj 



To . Vt^sa 



(Tj/Tq + 1)? 



VTo K^Vt^aJ Ki^t^To y 

■ (sV) 



The value of ^ la plotted in figure 10 for several take-off 



j7lo 

conditions. Since propeller thrust was assumed to be proportional 
to pci,-er and power to weight, the factor j^y^^ represents the 

fractional Increase in engine and propeller veight that Is due to 
the reduction of thrust vlth Increasing air speed. 

The additional weight of engine and propap.er required for a 
given reduction of the talce-off run Is shown In figure 11, for the 
aliplane of figure 5, together with the weight of Jet fuel required 
for the same condltloDS for m a 0 axid 0.5. 

For the condition In wfaldh the gross weight of the airplane 
was increased, the increased weight of engine and propeller re- 
quired to maintain the eame total teike-off distance was calculated 
directly for the special case of figure 7. The weight of engine 
and propeller required is shown in figure 12 together with the 
weight of Jet fuel required for m ■ 0 and 0.5. 



16 



Tbe wBlght of the ocmplete Jert motor and. fuel tanlm 1b diffi- 
cult to predict. The velght of the fuel tanks will depend, upon 
the weight of fuel to be hurned and the operating presBure of the 
tanks. The weight of .ccmbuatlon chamber, nozzle, and neoeBsary 
fuel puaipB vlll depend upon the rate of fuel consumption and can- 
not be estimated. Goddard (2reference 14), hovevier, buUt a Jet 
motor, using no fuel pump, idilch weighed 5 pounds and produced a 
tlu*ust of 289 pounds. 

Inasmuch as the exact weight of equipment required for the 
use of auxiliary Jet propulsion cannot be fixed. It is poesible 
to determine only the limiting values for this weight above vhioh 
auxiliary Jet propulsion would be definitely impracticable. Ap- 
proximate values of the maximum permissible equipment weight maj 
be detdxmined from figures 11 and 12. 

DI3SCUSSI0!l!r OF EE5ULTS 



Table I shows the results of a few experiments with Jet 
motors reported in references 14 to 17 together with the specific 
fuel and oxidant consumption and the relative fuel consumption as 
compared with an internal- ccmbuBt ion engine and propeller. The 
limiting or ideal reactions have been calculated froa tables in 
TOference 17. 

In the examples given in the present report, the experimental, 
reactions of fuels 1 to 4 in table I have been used. The reactions 
rqported for gunpowder were for single ezploslons of *wnan masses 
of powder; the reactions for liquid fuels i:-7ere for continuous Jet- 
motor operation. The available energy of gunpowder is lower than 
that of liquid fuels. As the powder-i;slng motors oporatod at much 
higher prossuros than the liquid- using motors, the higher offi- 
cloncy of the thezmodynamlc cycle more than offset the lower heat 
ocntont. Goddard, who conducted the experiments with gunpowder, 
found it expedient to use liquid fuels in his experiments with 
rockot flight bocauso of tho convonlonce in operation and the 
lighter weight of auxiliary equipment. Tor this same reason, 
tho reactions of liquid fuols were usod in most of the charts 
presented horoin. Tho lower values for gasollne-ozygen and 
alcohol-o^gon were usod because no data concerning tost proce- 
dure W0370 given in roforonoc 16, from which the higher values 
wore taken. It is probable that the efficiency of llquld^fuol 
Jot jnotors could be Improved by operating at higher prossuros 
and Ly improving nozzle design. 
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The WBlgbb of Jet fuel regialred to reduce the ground, run of an 
aliylane by the amount ASg/sg is Bhoim In figure 1. The velght of 
fuel required for a given Traatlcml "redubtlotl" of' ground run 1b pro- 
porblonftl to the take-off velocity and Is Independent of the length 
of tlie grouzid run. 

Figure 2(a) shows the cooQaratlye effect Iveness of starting 
the Jet at various airplane velocities, during the ground 

run for a take-off velocity of 70 miles per hour. The weights 
of gasoline and oi^rgen required for various values of m and the 
contours of conetant Jet thrust are plotted against the reduction 
of the groimd run. Fdlovlng these contours shows that a consider- 
able saving In the velght of fuel required could he realised by 
delaying the operation of the Jet. For example, for the 4,200- ' 
pound airplane when m b 0 and Tj/T^ s 0.4, the weight of fuel 
required Is 23.2 pounds for a reduction In the ground run of 
28.5 percent. If the Jet thrust la doubled (Tj/Tq o 0.8), m 
Is about 0.6 emd the weight of fuel required for the same reduc- 
tion of the ground run Is reduced to 15.1 pounds, a saving of 
about 35 percent. Thf> sace quantities are plootod in figure 2(b) 
as In flgore 2(a) for a take-off velocity of QO nlles per hour. 
The velght required for a given fractloncJ. reduction of the 
ground run Is proportional to the take-off velocity. 

The weights of four fuels (fuels 1 to 4, table I) required 
to reduce the diptanoo flown during the initial cltab to an 
altitude of 50 feet are givon In figure 5(a) In porcontages of 
tho gross weight of the airplane axid for two airplanoc whose 
gross wBlghta are 4,200 erA 42^000 pounds for a talr3-off velocity 
of 70 mlloB per hour, A ooarpsirlficn of f Iguro 3 with figure 2 shows 
that auxiliary Jet propulsion is more effective In flight than on 
tho ground. For example, for the 4,200~pound alrpJ.ano, a reduc- 
tion of 10 percent of the ground run requires 8.4 pounds of gaso- 
line and oxygen when m « 0 £md requires 5.6 pounds when m a 0.5 
but, for a 10-percent reduction In the flight distance, tho weight 
required Is only 1.3 pounds. Tho reason for this roductloa Is 
that the energy required for the aoceloratlon to take-off velocity 
Is mux:h greater than tho energy required for the climb to a 50-foot 
altitude. Figure 3(b) Is similar to figure 3(a) excopt that tho 
take-off velocity Is 80 miles per hour. The weight of fuel re- 
quired for a given fractlacal reduction of tho alr-bomo distance 
la inversely prpportlonal to tho tako-off velocity. 
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The weight of saBollne and oxygpa requlrod to reduce the total 
take-off distance to clear a 50-foot ohertade 1b given In figure 
4(a) In percentages of the airplane gross velght and In pounds for 
an airplane gross velght of 42,000 pounds. Xhe assumed value of 
Bg/Sg was 2,6 and, of the take-off velocity, -was 80 mlloB per hour 
In order to demonstrate the effect of changes In these Important 
parameters, figures ^0>) and 4(c) were plotted, for vhloh the value 
of B^Bg -was assumed to he 2.0 and, of the take-off velocities, 

to he 80 aad 70 miles per hour, respectively. 

It may he seen flTom figure 4(a) that, even vbsm = S.BSg, 
auxiliary Jet propulsion la more effective In flight than on the 
ground. The normal excess thrust helng greater on the ground than 
In the Initial cllmh, the Jet vlU alvays he more effective in the 
Initial climb than on the ground. 

The additional reduction in take-off distance to he gained hy 
operating the Jet at lav values of m is negligible, as is appar- 



the maximum reduction in the take-off distance is 25.8 percent for 
m B 0, which requires 260 pounds of fuel. If m Is increased to 
0.2, the reduction in the take-off distance is 25,1 percent, a 
sli^t sacrifice in take-off perfonsBnce, hub the fuel consumption 
Is reduced to 215 pounds, a saving of 17.3 percent. 

A comparison of figures 4(a) az]d 4(b) shows the effect of 
variation of the division of the take-off distance hetween the 
ground run and the flight path. Ae is to he expected, auxiliary 
Jet propulsion is more effective in producing a givon fractional 
reduction of the take-off distance vbim. a greater part of that 
distance Is alr-bozne (fig. 4(b)), 

A cconparlson of figures 4(h) and 4(c) shows the effect of 
variation of the take-off velocity on the effectiveness of auxil- 
iary Jet propulsion. In the dlsci^ssion of flguro 2, it was 
pointed out that the wel^t of fuel roquirod for a given reduction 
of tho ground run is praportlanal to tho take-off velocity and, in 
the discussion of figure 3, that tho velght of fuol required for a 
given reduction of the flight distance is inversely proportional 
to the take-off velocity. Similarly, in tho present case, tho 
weight of fuel TOgulrod for a given fractional reduction of tho 
take-off distance is groator for large values of m and amallor 
for Eimall values of m when the tako-off velocity is 70 mllos 
per hour than It Is idion tho take-off velocity Is 80 miles per 
hour. 



ent from the lines of constant 




For example, for Tj/T^ "0.3, 
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Figure 5 ahova the Izusreaae In tbe totcJ. take-off dlataaoe to 
dear a 50-foob obatftole .-irltli an Inorease In gross velgbt for the 
same-alxplanB that mbb usedl for figure 4 vlth the additional (fliar- 
aoterlstlcs desarlhed In -the analysis. 

The additional thrust re4ulred to reduee this Inoreased take- 
off dlataaoe to that of the nanriftlly loaded airplane Is given In 
figure 6 as a funotlon of the pareoneters m emd 5. Figure 7 
shovB the -weight of gasoline and oxygen required for this reduotlon 
for various values of 6, and Tj. 

The weight of fuel required In percentage of the Increase in 
gross -weight is shown in figure 8 as a function of m. The single 
ourve Is a mean for four -ralues of 6, the percentage of weight 
required helng practically Independent of 6. It nay he seen that, 
for m = 0.5, the additional velght -idiloh may he carried for the 
same -bake-off dls-tanoe Increases 27 times as fast as the weight of 
Jet fuel required. As -bhe value of m Is Increased, the weight 
of Jet fuel required decreases hut only at the expense of Increas- 
ing -bhe Jet -thrust. 

In figures 11 and 12, the wel£^t of Jet fuel Is ccopared with 
the weight of an Internal- ocmbuat Ion engine and a propeller. The 
ratio of the weight of engine and propeller to the weight of Jet 
fuel la 8 for m b 0 and 11 for m a 0.5 for the candltlons 
of figure 11; the ratios are 5.5 for m s 0 and 8 for m ■ 0.5 
for the candltlons of figure 12. 

The power loading was considered to he lev In the previous 
examples In which the weight of fuel -was oonpemsd with the weight 
of the engine and propeller required for -the same lnqprovGOBent in 
take-off perfonnance. The ratio of the wel^t of engine and 
propeller to -the wolght of Jet fuel may he conslderahly less for 
high power loadings. Let It he assumed that an alzplanB having a 
gross weight of 42,000 pounds and a power loading of 24 pounds per 
hrake horsepower requires 5,000 feet for -the ground run to take 
off at 70 miles per hour. Jja. order to reduce this distance to 
1,500 feet, an added thrust given hy Tj/l^ equal to 1 Is required. 

FrcDi equation (35), the -weight of the engine and propeller required 
Is 1,470 pounds. For -bhe same reduotlon of the ground run hy means 
of auxiliary Jet propulsion, the wolght of gasoline and oxygen re- 
quired for a a 0 Is 420 pounds and, for m > 0.5, Is 280 pounds. 
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Beoause atsUlary Jet propi]lBlcm was found to be joore effeotlTO 
during the alr-bome portlcn of the take-off than during the grouod 
rtm. It Is Interesting to see how the engine ^ nfl propeller oooipare 
vlth auzlllaxy Jet propulsion at this power loading when used during 
the air-tome partlcn of the ta1ce-c>ff as well as during the ground 
run. If it is assumed that b^b^ « 2.0, then, from equation (22) 

for a TaluB of Tj/T^ of 1, the reduotlon of the conplete talce-off 
dlstanoe is 54 percent. Fran figure 10, the weight of the addltlooal 
engine and propeller to acoonplish this reduction of the take-off 
distance must he increased to 1,520 pounds if ■ 0.9 *'-'"«^ to 1,575 
pounds if B 0.6. Equations (22) and (23) give the total wic^t 
of Jet fuel required' for the same performance as 460 pounds for 
m a 0 and as 325 pounds for m a 0.5. 

The weight of engine and propeller is seen to' he not less than 
3.5 times the weight of fuel required hy the Jet-propulslcn device 
even for high power loadings. For low power loading^ the ratio is 
higher. In order to complete the ccoparlson, the weight of the 
Jet-propulsion device and its fuel tanlEs is required. Africano 
In reference 17 estimates, for a rocket carrying 31 pounds of fuel, 
that the dead weight of the device can safely he limited to 0.64 
times the weight of the fuel. Even if tMs ratio for a higher 
weight of fuel should he InQreased hy several hundred percent, 
tho advantage, frcoi weight considerations, is still in favor of 
auxiliary Jet propulsion. 

It la poBslhle that a Jet motor could he discarded after the 
taJsB'^off hecause it would have no further function; no ccsnpELriscn. 
with an Intomal-combustion engine Is then necessary. In axij 
event, the weight of fuel will not diminish the pay load hocause 
tho fuel will all he consumed hy the time the take-off is oomploted. 

Experiments conducted hy the several Investigators (references 
14 to 17) show that the thrust per pound of fluid per second can he 
appreclahly Improved hy further development. The weight of Jot fuel 
con thorefore he corrospondlngly reduced. The foregoing discussion 
indicates that serious consideration should ho given to auxiliary 
Jet propulsion as a take-off aid. 
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CGIEICUlSiaEIS 



The cozxaluBlcmB drami from the prsoedlog emalTsls and fjxm 
the oxperlmental marls, of other Investigators are: 

1. The weight of Jet fuaL regtulxed for a given ImprovGEnenb 
In the take-off la BUfflclentl7 suiall as oompared vlth the addi- 
tional vjjight of the larger engine and irropeller required for the 
same lnnirovement to lualcate that auxiliary Jut propi-lsloa is a 
promlsjng means of aiding the taJce-off . Xhs weight of necessary 
equipment should be scsall. 

2. The veight of Jet fuel ro'julred to maintain a given total 
take-off dlstaroe as the gcoaa ve-lf>ht of the alTplano is increased 
Is uaiall as oara£-ared vith the Incr'ease in gross veight. 

3. Auxlli'vry Jot propulsion would te most effective as a 
take-off aid i^ien used jabo in the ground run and in the air- 
home portion of the -!»ke-off . 
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Reduction of ground run, t^s^js^ 

(a) Take-off Telocity, 70 mllea par hour. (b) Take-off Telocity, 80 alles per hour. 
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Figure 1.- Fuel required to reduce ground run by meana of auxiliary Jot propulaion. 




Reduction of ground run, Ls^js^ 
(a) Taka-off Teloelty, 70 alles per hour. (b) Take-off Teloolty, 80 alles per hour. 

Figure 2.- Weight of fuel (gaeollae and oxygen) required to reduoe ground run fox vsrloua Taluee of the paraaeter 
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O .1 .2 .3 , .4 

Reduction of total take-off disfance,[l^Sa + HtS^^) J (s^+s^) 

(a) Take-off velocity, 80 miles per hour , Sq/s2=2.6. 

(b) " " " , 80 " " " , " =2.0, 

(c) " " " ,70 " " " , " =2.0. 

Figure 4.- Weight of fuel (gasoline and oxygen) required to reduce total 
take-off distance to clear a 50-foot obstacle by means of 
auxiliary jet propulsion. 
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Figs. 5,6 



2,200 



^-2,000 
O 

I 

1 1,800 

it 
o 

I 

^ 1.600 



1,400, 



20 



Figure 5.- 



5 10 15 

Increase in gross weight, 6- 1, percent 

Increase in total take-off distance to clear 50-foot obstacle 
with increase in gross weight. 

Sq, 1,040 feet; S2,400 feet; W ,42,000 pounds; V^,80 miles per 
hour; V^jg^j, 258 miles per hour; take-off power, 4, 400 brake 
horse power; b^ ,10,350 square feet; f ,42 square feet. 
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Figure 6.- Additional thrust required to obtain normal take-off 
distEuice when gross vei^t is increased. Airplane of 
figure 5. 



Figure 7.- 

Weight 
of fuel (gaso- 
line and oxy- 
gen) required 
to maintain 
normal total 
take-off dis- 
tance over a 
50-foot 
obstacle as 
gross weight 
is increased. 
Airplane of 
figure 5. 
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Figure 8.- Weight of fuel (gasoline and oxygen) 

expressed in percentage of the increase 

in gross weight, required to maintain normal total 
take-off distance to clear a 50-foot obstacle by 
means of auxiliary jet propulsion. Airplane of 
figure 5. 
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Figure 9.- Weight of engine and propeller required ^' 
to increase the effective excess thrust ■ 
during the ground run. »0.05 
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Figure 11.- Comparison of weight of jet fuel 

(gasoline and oxygen) with weight 
of an internal -combustion engine and a pro- 
peller for reduction of the total take-off 
distance. Airplane of figure 5. 
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Figure 10.- Additional thrust required for 

reduction of total take-off dis- 
tance with an internal-combustion engine and 
a propeller. 

Figure 12.- Comparison of weight requirements 

of auxiliary jet propulsion with 
an internal-combustion engine aiid a propeller 
for increase of gross weight. 
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